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The role of the breakup process and one neutron stripping on the near barrier fusion are investi-
gated for the weakly bound projectile 9Be on 28Si, 89Y, 124Sn, 144Sm and 208Pb targets. Continuum-
discretized coupled channels (CDCC) calculations for the breakup with a 8Be + n model of the 9Be
nucleus and coupled reactions channels (CRC) calculations for the one neutron stripping to sev-
eral single particle states in the target are performed for these systems. A good description of the
experimental fusion cross sections above the Coulomb barrier is obtained from the CDCC-CRC
calculations for all the systems. The calculated incomplete fusion probabilities for different target
systems are found to be consistent with the systematic behaviour of the complete fusion suppression
factors as a function of target atomic mass, obtained from the experimental data.
PACS numbers: 25.60.Pj, 25.70.Jj, 21.60.Gx, 24.10.Eq
I. INTRODUCTION
Experiments using stable weakly bound nuclei provide
valuable avenues to understand the scattering and reac-
tion with exotic radioactive nuclei. In this context, 6Li,
7Li and 9Be beams have been found extremely useful to
probe the reaction dynamics around the Coulomb bar-
rier [1, 2]. Unlike the reactions with tightly bound nu-
clei, a substantial contribution of breakup and transfer
is observed in case of weakly bound nuclei. The breakup
and transfer may be followed by subsequent fusion of the
only a part of the projectile, a process called as incom-
plete fusion (ICF). In this scenario, the fusion is clas-
sified in terms of complete fusion (CF) which refers to
fusion of the whole projectile or all its fragments and
the total fusion (TF), where the incomplete fusion (ICF)
processes are also included. In fusion measurements in-
volving weakly bound nuclei, a large suppression of com-
plete fusion cross section is observed at energies above
the Coulomb barrier with respect to conventional coupled
channels (CC) calculations [3–12], that either exclude the
breakup and transfer couplings or include them only in
an average way. This suppression is commensurate with
the measured ICF cross section [3]. Most of the mea-
surements on suppression are performed with relatively
heavy mass targets, because there is difficulty in sepa-
rating contributions from the CF and the ICF in case of
light mass targets, as many of the evaporation residues
coincide.
The theoretical calculations do not provide unequiv-
ocal answers about the coupling effects of breakup and
transfer on the fusion cross sections and the CF sup-
pression in case of weakly bound nuclei [13–21]. The
observed experimental suppression of complete fusion is
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often explained by invoking two sets of principles. In the
first approach, the coupled channel effects due to breakup
and/or transfer are shown to alter the fusion cross sec-
tion. Continuum discretized coupled channels (CDCC)
for breakup and Coupled reaction channels (CRC) calcu-
lations for transfer have been performed to study these
dynamic effects arising due to coupling. The reduction
in the fusion cross sections obtained due to the coupled
channel effects of breakup process is found to be smaller
compared to the suppression seen from the data [22].
The continuum-continuum couplings have been respon-
sible for most of the reduction in fusion cross sections
with respect to the uncoupled calculations [17]. In some
cases, the coupled channel approaches show a small en-
hancement at energies below the Coulomb barrier, some-
what similar but less in magnitude than observed in case
of fusion with the stable nuclei [18]. Moreover, in the
CDCC and CRC calculations, it is mostly the TF that
is calculated, while the ICF and CF calculations are not
so straightforward, as explained in Ref. [23]. The second
approach for explaining the CF suppression is based on
simple empirical arguments, where the CF cross sections
can be estimated by subtracting the measured or calcu-
lated ICF from the TF cross sections [24]. The theoret-
ical modeling for calculating the ICF component is still
an open challenge, although a stochastic breakup model
based on classical trajectories to calculate the ICF has
been developed in recent years [25].
The systematic behaviour of the fusion suppression fac-
tors and ICF probability as a function of target mass is
not well understood, despite the CF experimental data
being available for a number of projectile-target systems.
Since, the amount of CF suppression observed in experi-
ments with respect to CC calculations compares well with
the ICF cross section, the ICF probability (PICF ), de-
fined as PICF = σICF /σTF , provides an indirect measure
of CF suppression factors (FCF ). Recently, Gomes et al.
[24], attempted to give a universal description of FCF for
the CF of 9Be nucleus that is based on the estimation
of the ICF yield derived from a simple empirical relation
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2given by Hinde et al. [26]. The breakup probability func-
tion that depends on the gradient of the nuclear potential
along with a exponential dependence on the surface sep-
aration was used to estimate the ICF probability. This
simple model predicts that the ICF component and the
FCF monotonically decrease with the target charge ZT
for a given projectile. While the FCF extracted for the
9Be + 208Pb and 9Be + 144Sm are in qualitative agree-
ment with this model, the CF suppression factors derived
for the 9Be + 89Y and 9Be + 124Sn systems, both mea-
sured at BARC-TIFR pelletron, Mumbai are found not
to follow this systematics. This is in contrast to the re-
sults obtained in Ref. [27], where it is concluded that the
CF suppression is nearly independent of target atomic
number ZT .
In this paper, a new method to calculate the ICF is
employed that is based on absorption cross sections ob-
tained from the CDCC calculations. Recently, it has been
shown that a two body 8Be + n cluster structure of 9Be
nucleus provides a good description of the elastic scat-
tering data for 9Be projectile with several target systems
[28, 29]. Here, the efficacy of this model is tested in ex-
plaining the fusion cross sections for the 9Be on different
targets in a wide mass region ranging from the light to
the heavy target. In case of 9Be induced reactions, the
8Be + n breakup and the one neutron stripping processes
are expected to have significant contribution. The cal-
culations are performed to study the coupling effects of
breakup and transfer channels on the fusion cross section
using the CDCC-CRC approach.
II. CALCULATION DETAILS
Fusion process for the 9Be + 28Si, 89Y, 124Sn, 144Sm
and 208Pb target systems is studied using the coupled
channels calculations with the CDCC-CRC approach.
Calculations for the 8Be + n breakup of the 9Be and one
neutron transfer to different single particle states in tar-
get have been performed for these systems. Breakup cal-
culations are performed with a three-body model for the
projectile-target system using the CDCC method. The
version FRXY.li of code FRESCO [30] is used for these
calculations. A two-body 8Be + n cluster structure of
9Be that has been shown to describe very nicely the elas-
tic scattering of 9Be on different target systems [28, 29],
is used in the present calculations. Earlier this model has
also been used for the calculations of fusion cross sections
for the 9Be+208Pb system [31].
The breakup of 9Be projectile is described by the in-
elastic excitations of the n-8Be ground state to the con-
tinuum that is induced by fragment-target potentials
V8Be−T and Vn−T . The ground state wave-function of
9Be is generated using a potential with Woods Saxon
volume potential and a spin-orbit component taken from
Ref. [32]. The 1/2
+
and 5/2
+
resonance states are gen-
erated by using the same potential parameters as that of
the ground state except for the potential depth, which
is varied to obtain the resonances with correct energies.
The non-resonant continuum states are then generated
with the same potential as that used for the resonance
states. A relative angular momentum value of up to l = 4
for the neutron core relative motion is taken for the calcu-
lations. The inclusion of higher l values lead to less than
≈2 percent change in the calculated fusion cross section.
The continuum up to an energy Emax ≈ 7MeV above the
8Be + n breakup threshold is used in the calculations.
In addition to the breakup couplings, the effect
of 1n-transfer couplings have also been investigated
through a combined CDCC-CRC approach as explained
in Ref. [29], where the CDCC wave functions are
used for the transfer calculations. The neutron strip-
ping channels; 28Si(9Be,8Be)29Si, 89Y(9Be,8Be)90Y,
124Sn(9Be,8Be)125Sn, 144Sm(9Be,8Be)145Sm and
208Pb(9Be,8Be)209Pb have positive Q-values 6.81
MeV, 5.19 MeV, 4.07 MeV, 5.09 MeV and 2.27 MeV
respectively. Several important excited states of the
residual nucleus, as determined from the test calcula-
tions, are included in the final CRC calculations. These
excited states used in the final calculations are given in
Table I.
The cluster folded potentials required in the CDCC
calculations for constructing the 9Be + target interac-
tion potential are obtained using the two body core-
target and valence-target potentials V8Be−T and Vn−T
respectively. For the Vn−T , the neutron potentials are
taken from Morillon et al. [34] for all the systems. For
the core-target potential V8Be−T , the potentials obtained
from Ref. [28, 35] are used. The final potential parame-
ters used for all these systems are listed in Table II.
In the CDCC-CRC calculations, the fusion cross sec-
tions can be obtained as the total absorption cross sec-
tion, which is equal to the difference of the total reaction
cross section σR and the cross section of all explicitly
coupled direct reaction channels σD. The reaction cross
sections are in turn obtained from the elastic scattering
S-matrix elements, Sl given by
σR = σD + σabs =
pi
k2
∑
l
(2l + 1)(1− |Sl|2) (1)
Here, ~k represents the relative momentum of the two
nuclei in the entrance channel. CDCC-CRC calculations
are performed with the inclusion of the imaginary part of
the optical potential for the fragment-target interaction
to account for the irreversible loss of flux from the cou-
pled channels set. If all the dominant direct processes
such as breakup and transfer are included, the absorp-
tion cross section corresponds to the fusion cross section.
A common approach is to include the short-range imagi-
nary potentials to model the irreversible loss of flux. The
short-range imaginary potential ensures that the total
flux in the scattering channels decreases by the absorp-
tion when either one or both of the projectile fragments
and the target nuclei are in the range of the potential in-
side the Coulomb barrier. The use of this short-range
imaginary potential simulates the use of an incoming
3TABLE I: Energy levels of residual nuclei and spectroscopic amplitudes (SA) used in the CRC calculations.
29Si 90Y 125Sn 145Sm 209Pb
E Jpi SA E Jpi SA E Jpi SA E Jpi SA E Jpi SA
(MeV) (MeV) (MeV) (MeV) (MeV)
0.00 1/2+ 0.69 0.00 2− 1.05 0.00 11/2− 0.52 0.00 7/2− 0.78 0.00 9/2+ 0.91
1.27 3/2+ 0.83 0.20 3− 1.03 0.03 3/2+ 0.55 0.89 3/2− 0.66 0.78 11/2+ 1.00
2.03 5/2+ 0.22 1.22 0− 1.05 0.22 1/2+ 0.52 1.11 13/2+ 0.81 1.42 15/2− 1.00
3.62 7/2− 0.62 1.38 1− 1.05 1.26 5/2+ 0.17 1.43 9/2− 0.92 1.57 5/2+ 0.99
4.93 3/2− 0.84 1.96 5+ 0.52 1.36 7/2+ 0.17 1.61 1/2− 0.91 2.03 1/2+ 0.99
5.95 3/2+ 0.37 2.25 6+ 0.54 1.54 5/2+ 0.02 1.66 5/2− 0.64 2.49 7/2+ 1.03
6.38 1/2− 0.78 2.84 4− 0.67 2.75 7/2− 0.15 1.79 9/2− 0.58 2.54 3/2+ 1.03
2.94 4− 0.67 3.41 3/2− 0.42 2.71 13/2+ 0.55
3.00 5+ 0.85 4.01 1/2− 0.33
3.05 3− 0.67
4.07 5+ 0.88
TABLE II: Optical model potentials used in the calcula-
tions. For short range imaginary calculations, W0 = 50.0
MeV, r0 = 0.9 fm, a0 = 0.25 fm was used. The radius of
the neutron potentials (Vn−T ) is given as R = roAT 1/3 while
for the core-target potential (V8Be−T ), the radius is given as
R = ro(Ap
1/3 + AT
1/3) where Ap and AT are the projectile
and target mass numbers.
System V0 r0 a0 Ref.
(MeV) (fm) (fm)
8Be+28Si 39.69 1.16 0.59 [35]
n+28Si 43.31 1.29 0.57 [34]
8Be+89Y 47.36 1.17 0.62 [35]
n+89Y 43.10 1.28 0.57 [34]
8Be+124Sn 49.39 1.17 0.62 [35]
n+124Sn 42.99 1.27 0.58 [34]
8Be+144Sm 50.28 1.18 0.63 [35]
n+144Sm 42.93 1.26 0.58 [34]
8Be+208Pb 52.37 1.29 0.60 [28]
n+208Pb 42.75 1.24 0.61 [34]
wave boundary condition inside the Coulomb barrier. In
the calculations for the weakly bound nuclei, the imag-
inary potentials can be included in different ways and
they correspond to different quantities that are calcu-
lated [23]. The short-range imaginary potentials can be
defined either in the coordinates of both projectile frag-
ments relative to the target or in coordinates of only one
of the projectile fragments relative to target .
In the calculations presented here, the fusion cross sec-
tions are first calculated by including the short-range
imaginary potentials in the coordinates of both projectile
fragments relative to the target. A Woods-Saxon poten-
tial with parameters W0 = 50 MeV, r0 = 0.9 fm, and a
= 0.25 fm is used as the short range imaginary potential
(WSR) for the fragment-target optical potentials. The
results depend very weakly on the geometry parameters
of WSR for any larger depth. The inclusion of the imagi-
nary potentials in the fragment-target coordinate system
ensures the absorption of the c.m. of both 8Be and n
fragments in the fusion reaction and therefore, the cal-
culated value can be compared with the measured total
fusion cross sections. The CDCC calculations are also
performed where the WSR is present for only one of the
projectile fragments relative to the target, namely, either
for the 8Be− T part or for the n− T part.
The unambiguous calculation of ICF using the cou-
pled channel is a complicated task as the absorption of
flux in the coupled channels calculations includes vary-
ing contribution of the ICF component depending on the
incident energy and the system under study. As with the
CF process, the ICF represents the flux that is lost irre-
versibly from the scattering channels, in this case due to
absorption of only part of the projectile. An approximate
estimation of the ICF cross sections can be made using
the absorption cross sections in the following way. The
CDCC calculations with the breakup couplings only are
performed with three choices of optical potentials, where
WSR is used for i) both the projectile fragments relative
to the target (PotA) ii) the 8Be− T part only (PotB)
and iii) the n− T part only (PotC). However, in all these
calculations, an additional WSR without any real part is
also present in the center of mass of the whole projectile
for the projectile-target radial motion [17]. The use of
additional imaginary potential is justified as the results
are found to be insensitive to any larger depth of the WSR
than what is used. The inclusion of the extra WSR is nec-
essary only in the case, where PotC is used, to correctly
calculate the CF component corresponding to 9Be + tar-
get part. In the other two cases, the additional WSR does
not matter, as the results are nearly the same whether
it is included or not in the calculation. The absorption
cross sections in three cases represent cross sections for i)
complete fusion (σCF ) +
8Be partial fusion (σICF8Be) +
n partial fusion (σICFn) ii) σCF + σICF8Be and iii) σCF
+ σICFn , respectively. These three calculations together
4are used to estimate the σICF8Be and σICFn explicitly. In
fact, σICF8Be is equivalent to σICFα , as it is more likely
that only one of the α particles may fuse with the tar-
get nucleus, since the α particles from the decay of 8Be
nucleus are emitted back to back in the 8Be rest frame.
The total ICF can be then evaluated as sum of σICFα
and σICFn .
In addition, ICF can also arise from the 1n transfer
into bound states of the target nucleus followed by the
breakup of 8Be nucleus and the subsequent absorption
of only one of the α particles. In fact, the transfer pro-
cess has been found to predominantly trigger the breakup
process in sub-barrier reactions of other weakly bound
projectiles 6,7Li on different targets [36]. The combined
process of transfer followed by breakup and absorption of
one α particle can be considered as an important source
of ICF formation. The transfer cross sections calculated
using CDCC-CRC calculations with PotA for all the tar-
gets are taken as an approximate measure of the ICF
formation due to transfer followed by breakup. Here, a
reasonable assumption is made that 1n transfer is always
followed by the breakup of the 8Be nucleus into two α
particles and the capture of one of the α particle. It must
be mentioned that the breakup and transfer calculations
performed in this work, only take into account the 8Be+n
breakup of 9Be or 1n transfer to the 8Beg.s.. The breakup
and ICF is possible also through the 5He+4He two body
decay [37], and the transfer via the 8Be2+ state. How-
ever, these components are estimated to be small com-
pared to the dominant modes considered here [28] and
hence, these have not been considered.
III. RESULTS AND DISCUSSION
A. Fusion cross-sections
The fusion excitation functions are calculated for var-
ious target systems to enable a direct comparison with
the data. The fusion data for various systems along with
the results of calculations are shown in Fig. 1. The ab-
sorption cross sections at different energies obtained from
the CDCC-CRC calculations using PotA optical poten-
tials are compared with the measured fusion cross sec-
tions taken from the literature [4, 6–8, 38]. In addition
to the experimental total fusion cross sections, the com-
plete fusion data is also plotted, wherever it is available.
The calculations with only the bare potentials are shown
by dotted line, whereas the calculations that include the
breakup couplings and the breakup + transfer couplings
are shown by dashed lines and the solid lines respectively.
In comparison to the calculation with the bare poten-
tial, the calculations with the breakup couplings show a
general enhancement of the fusion cross section for all
target systems for the whole energy range. The enhance-
ment is very pronounced at energies below the Coulomb
barrier for all target systems, except for the 9Be+28Si
case, where data below the barrier is not available. This
observation of enhancement may be linked to the attrac-
tive real and absorptive imaginary polarization potentials
that are obtained due to the E1 couplings within the
8Be+n model of 9Be breakup [29]. Inclusion of single-
neutron stripping coupling does not give any significant
effects, except a small reduction of the fusion cross sec-
tion over the whole energy range. Again, this reduction
seems to be consistent with the repulsive polarization po-
tentials that arise due to the coupling of +Q-value trans-
fer channels. However, the transfer coupling effects on
fusion are comparatively smaller than the large effect ob-
served in the near-barrier elastic scattering of 9Be+208Pb
system [28]. The light system 9Be+28Si has also signif-
icant transfer coupling effect despite having the higher
Q-value for the 1n transfer reaction.
A reasonably good description of the fusion data for
all the target systems is obtained by the CDCC-CRC
calculations using PotA optical potentials as given by
the solid lines. Particularly, the available total fusion
data for 9Be + 144Sm and 9Be + 208Pb systems are well
described by the calculations, at above barrier energies.
This is the energy region from where the suppression of
the complete fusion is evaluated in terms of reduction
with respect to coupled channels calculations. The dis-
crepancy observed between the calculation and the mea-
sured data at lower energies indicates that a weaker ab-
sorption of flux is required from the breakup and transfer
channels into the fusion process than that predicted by
the calculations. Indeed, the CDCC calculations with the
potential where the imaginary potential for the n-target
system is switched off (PotB), give a better description
of the data at the energies below the Coulomb barrier.
The calculations using PotB with only breakup couplings
are shown by dashed-dot-dot line in Fig. 1. Similar cal-
culations using the core-target potential only have also
been performed by Ito et al. [21], for the fusion reactions
of neutron-halo nuclei with a three-body time-dependent
wave-packet method. The calculated cross section in this
case, corresponds to the complete fusion and the incom-
plete core fusion, where the neutron escapes.
B. Breakup, transfer probabilities and ICF
The CDCC-CRC calculations using the potentials hav-
ing short range imaginary potentials for both projectile
fragments, are utilized to investigate the systematic be-
haviour of breakup and transfer cross sections as a func-
tion of incident energy. The breakup process is expected
to be the dominant process of α production for the heav-
ier systems. In contrast, the transfer process will depend
on the structure of the target and the final residual nu-
clei. The breakup probabilities (PBU ) and transfer prob-
abilities (PTR) are calculated as the ratio of calculated
breakup and transfer cross sections with the calculated
reaction cross sections at each energy using CDCC-CRC
calculations with PotA optical potentials. The plots of
PBU and PTR are shown by dashed-dot-dot and dot-
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FIG. 1: (Color online) Measured complete fusion (CF) and
total fusion (TF) derived as CF + ICF (incomplete fusion)
cross sections for 9Be + 28Si [38], 89Y [6], 124Sn [7], 144Sm [8]
and 208Pb [4] target systems are compared to calculated cross
sections. The calculations with only bare potential, by inclu-
sion of breakup couplings and by inclusion of breakup plus
transfer couplings are shown. The calculations performed us-
ing potential with PotB by inclusion of breakup couplings
only are also shown. The arrows indicate the position of
Coulomb barriers for each system.
ted lines respectively, in Fig. 2 for different target sys-
tems. The breakup probabilities remain approximately
constant over the energy range above the Coulomb bar-
rier while there is a small increase below the barrier for
all target systems, except for the 9Be + 28Si system. The
increase at the sub-barrier energies, is consistent with the
measured breakup probabilities in Ref.[27] which shows
an exponential rise with increasing energy. At energies
above the barrier, the probability of charged fragment
capture by the target is approximately constant leading
to a constant removal of flux from the breakup or trans-
fer channel at these energies. The breakup and transfer
contributions at higher energies are comparable for the
28Si and 89Y cases, while the breakup dominates over
the transfer contribution in other cases. At lower ener-
gies, the transfer contribution is significant only in the
28Si and 208Pb cases. It is quite interesting to note that
there is an almost constant variation of the PBU at higher
energies for the systems with different nuclear sizes and
structure.
As pointed out earlier, the unambiguous calculation of
ICF is not so straightforward. In the present case, the
8Be + n breakup of 9Be and one neutron transfer from
9Be are expected to be the dominant sources of ICF for-
mation and inclusive α production. Therefore, an ac-
curate calculation of ICF cross section would require to
follow and calculate the absorption probability of the α
particles and neutron after the breakup and transfer. As
described before, neutron incomplete fusion (σICFn) and
the α incomplete fusion (σICFα) due to breakup process
only, can be calculated using the absorption cross sec-
tions from the different choices of imaginary potential
using CDCC calculations. The probabilities for the ICF
of neutron (PICFn) and α (PICFα) are calculated as the
ratio of calculated σICFn and σICFα with the total fusion
cross sections calculated using CDCC calculations with
PotA at each energy. The contribution of PICFn and
PICFn + PICFα for all the systems are shown in Fig. 2
by the dashed lines and solid lines, respectively. These
plots show that at lower energies PICFn is dominant com-
pared to the PICFα .
The calculated ICF fractions as described above, can
also be used to estimate the inclusive α cross section. The
α production results from the ICF as the other fragments
n and α from these processes may fuse with the target or
the residual nuclei. In addition, the α production takes
place also from the exclusive breakup and transfer pro-
cesses, where the resulting 8Be decays into two α par-
ticles. Therefore, using the breakup and transfer cross
sections along with the ICF cross sections, a measure of
inclusive α production cross section can be obtained.
The ICF probabilities (PICF ) extracted from the ex-
perimental data for two systems 9Be + 144Sm and 9Be
+ 208Pb are also plotted in Fig. 2. It is compared with
the calculated values of PICFn + PICFα for these sys-
tems. The comparison is qualitative in view of the fact
that the experimental measurements of ICF do not dis-
tinguish whether the neutron is absorbed or not.
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FIG. 2: (Color online) The calculated breakup probabilities
(PBU ) and transfer probabilities (PTR) obtained as the ratio
of breakup and transfer cross sections and the reaction cross
sections are shown for a range of energies. The probabili-
ties of the incomplete fusion due to breakup process for the
neutron only (PICFn) and combined ICF probability for both
neutron and α (PICFn + PICFα) are shown. The Experimen-
tal ICF probabilities available for two systems 9Be+144Sm [8]
and 208Pb [4] are also plotted and compared with the calcu-
lated PICFn + PICFα values.
C. ICF and Fusion Suppression
The ICF probability (PICF ) and the CF suppression
factors (FCF ) are related quantities as the measured ICF
cross sections are found to have the same magnitude as
the difference of TF and CF cross sections [3]. In the
case of 9Be fusion, the measurements of the CF doesn’t
necessarily exclude the ICF component due to neutron
fusion. The measured ICF may be only due to the fusion
of α resulting from 8Be decay, subsequent to the 8Be +
n breakup. Therefore, the quantities PICFα and PICFn
+ PICFα can be taken to represent the lower and up-
per limits of measured PICF . These quantities evaluated
at the lab energy value 1.3Vb, is plotted as shaded re-
gion between the dashed and dash - dotted line in Fig. 3,
where Vb is the Coulomb barrier for the respective sys-
tem. For comparison, the fusion suppression factors FCF
[4, 6–8, 39, 40] extracted from the measured data for all
the systems are also shown in Fig. 3. The value of PICF
obtained from the present calculation are consistent with
the values extracted from the experimental data for the
9Be + 89Y and 9Be + 144Sm systems.
The contribution of 1n transfer process to the ICF have
been ignored till now. Experimentally, it is not always
possible to distinguish the ICF from the transfer process,
and the measured ICF usually includes the contribution
of the transfer processes [39]. An approximate estimate of
this contribution can be obtained by a quantity PICFTR ,
which is defined as the ratio of transfer cross section with
the total fusion cross sections that are calculated using
the CDCC-CRC calculations with PotA. It must be re-
marked though, while the variation of ICF probability
(PICF ) due to breakup process can be taken as a contin-
uous behaviour with the target mass, the PICFTR only
indicates the behaviour for the systems for which the
calculations are performed. The region between PICFn
+ PICFα and the PICFn + PICFα + PICFTR at the lab en-
ergy value 1.3Vb is shown by the upper shaded region be-
tween dash-dotted line and solid line. With this modified
prescription of including the 1n transfer contributions, a
reasonable explanation of all fusion suppession data are
obtained for which the calculations are performed. The
large fusion suppression observed in 9Be + 184W fusion
data may be due to even higher transfer contribution as
the measured stripping cross section in that case sug-
gests [39]. Interestingly, the data of 9Be+89Y and 124Sn
are found consistent with the calculations contrary to the
viewpoint expressed in Ref. [24]. For comparison, the
empirical prediction by Hinde et al. [26] based on geo-
metrical assumptions that predicts PICF decreases with
target charge, due to the relatively smaller importance
of the Coulomb breakup, is also plotted in Fig. 3 by the
dot-dot-dashed line. The significant value of the PICF
predicted by the present calculations for the light system
9Be + 28Si and its nearly constant behaviour for all tar-
get masses, is at variance with the empirical prediction
of Hinde et al. [26]. The reasonable agreement of the
data with the calculations without any normalization for
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FIG. 3: (Color online) The calculated ICF probabilities
(PICF ) are compared with the suppression factors derived
from the experimental data [4, 6–8, 39, 40]. The region be-
tween values of PICFα and PICFn + PICFα for different tar-
gets are shown as the lower shaded region. The behaviour
of ICF contribution due to transfer is included by adding
PICFTR to PICFn + PICFα and the summed quantity is shown
by the upper shaded region. All quantities are calculated at
1.3Vb. For comparison, the calculations using the model de-
scribed in Ref. [26] as given in Ref. [24] are also plotted.
wide range of target systems validate the estimation of
ICF by the method employed here.
The nearly constant behaviour of the PICF observed
here, is in agreement with the calculated behaviour given
in Ref. [27] for the PICF of the targets in high ZT range.
The small variation observed in the PICF can be ascribed
to the optical potentials employed in the calculations that
describe the elastic scattering and fusion data simulta-
neously. It seems that the CF suppression is a universal
behaviour for the 9Be projectile with target mass ranging
from heavy to light targets. Similar behaviour is also ob-
served in the experimental data of complete fusion with
the other weakly bound nucleus 6Li [12]. This behavior
of 9Be CF suppression is also consistent with the direct
measurement of above-barrier ICF of 6,7Li and 10B, in-
cident on a range of heavy targets, for which the sys-
tematics extracted in Ref. [5] showed their CF suppres-
sion factor to be independent of ZPZT within their ex-
perimental uncertainties. The present results show that
the phenomena of complete fusion suppression at above-
barrier energies being almost independent of the target
mass may be a feature with all weakly bound nuclei.
IV. SUMMARY
In summary, we have studied the effect of breakup and
1n-transfer couplings on the fusion of 9Be with 28Si, 89Y,
124Sn, 144Sm and 208Pb targets, that spans a large tar-
get mass region, from light to heavy. The experimental
fusion cross section data available around the Coulomb
barrier have been utilized for these investigations. The
CDCC-CRC calculations have been performed by includ-
ing the one neutron stripping and 8Be + n breakup for
9Be to study their relative importance. A good descrip-
tion of the above barrier data is obtained for all the sys-
tems that have been considered. In general, an enhance-
ment in the fusion cross section is obtained due to the
coupling effects of breakup channels. The 1n transfer
channels are found to give a small reduction in the fu-
sion cross section values with respect to uncoupled values.
This behaviour is supported by the nature of polarization
potentials derived for some of these systems in our earlier
work [29]. The significant contributions of 1n-transfer are
obtained for the 9Be + 208Pb and 9Be + 28Si systems,
specially at the lower energies.
The breakup and transfer probabilities calculated by
CDCC-CRC calculations show a constant variation at
energies above the barrier. The calculated absorption
cross sections from the CDCC calculations using three
choices of interior imaginary potential are further uti-
lized to obtain a measure of ICF cross section. The ICF
probabilities due to breakup at higher energies obtained
from the absorption cross sections for the neutron and α
partial fusions are in good agreement with the behaviour
of measured complete fusion suppression factors. The
CF suppression factors calculated as the ICF probabili-
ties show a systematic behaviour with respect to different
target masses and they remain approximately constant at
energies above the barrier for all the systems considered.
The ICF contribution due to transfer varies depending
on the structure of target and the residual nuclei. The
exclusive measurements of ICF and CF cross sections
with different weakly bound projectiles, especially in the
light target mass region, wherever possible, are needed to
further verify this proposition. Simultaneously, an inte-
grated theoretical modeling of the ICF and CF processes
will be helpful to understand the phenomena of complete
fusion suppression in case of weakly bound projectiles.
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